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There have been several recent reports of static imaging
on semiconductor photoelectrodes by means of light-induced film
foxmation!=3 or etching* 6. We describe here a new real-time
imaging technique based on optical saturation effects in a photo-
electrochemical cell. The technique has been used to obtain real-
timz imaging on n-GaAs and n-Si photoelectrodes. Image rise and
fall times on the order of 100 msec. have been observed, therehy
permitting continuous imaging that is suitable for applications such
as near infrared and visible laser beam location, alignment, and
.profile anaysis.

The mechanism behind the photoelectrochemical imaging
technique can be explained in terms of the properties of the liquid
electrolyte-semiconductor junction. When a semiconductor electrode
is immersed in a stabilizing redox-electrolyte, a rectifying jurction
is formed in the semiconductor and in the solution in the vicinity of
the interface’. Photogererated electron~hcle pairs are separated
by this junction which causes, respectively, either holes or electlrons
to be drawn to the surface of an n- or p-type semiconductor. These
minority carriers, which are localized at illuminated areas of the
semiconductor surface, can then reaci to oxidize or reduce the
appropriate member of the redox couple in solution. The reverse
reaction takes place at an inert counterelectrode which completes
the regenerative photoelectrochemical cell,

A depletion of the reacting redox species at an illuminated

semiconductor surface can result, if the light flux is sufficiently
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high to exceed the diffusion rate of this species in the electrolyte.
For example, an n-GaAs photoelectrode with an I;/I— redox couple at
concentrations below 0.02M in, propylene carbonate,will exhibit a
leveling off of the photocurrent vs. light intensity curve, for
intensities above 3mW/cm2, due to diffusion limitations®. When a
light pattern is projected on a photoelectrode surface under such
diffusion limited conditions, a concentration gradient image will bhe
generated due to the localized depletion of the reacting redox species
and an increase in the conjugate species. Such a concentration image
can be visualized in two different ways. If the depleted membexr of
the redox couple exhibits stronger absorption of visible light than
the other species, then the image can be seen in the form of a color
change. A second method of image visualization involves raster-—
scanning a focused HeNe laser beam over the semiconductor surface

and observing localized decreases in photocurrent at areas illuminated
by the projected image of interest. Such a laser scanned image can
be viewed in the form of an x-y vs. intensity map on a CRT monitor.
The localized decreases in photocurrent can be produced directly by
the effects of the redox species depletion on the photoelectrode
charge transfer process or by the indirect effect of attenuation of
the probing HeNe beam. The latter process will dominate when a sig-
nificant change in extinction coefficient occurs between the two
members of the redox couple at the HeNe wavelength (632.8 nm). The
spectral response ranges of such imaging systems will be very similar

to those of solid s'ate junction devices of the same materials. The
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long wavelength respcnse limit is determined by the bandgap energy,
which extends into the near infrared for many semiconductors that
have been employed in stabilized photoelectrochemical culls’.

The semiconductor materials used in this study were: n-GaAs,
single crystal, Si-doped, (100) face, 0.0008-0.0007 Q-cm; and n-Si,
single crystal, P-doped, (111) face, 0.2-0.3 Q-cm. The redox
electrolytes used with n-GaAs and n-Si were respectively: 0.01M
tetrabutylammonium iodide and 0.005M I, in acetonitrile (resulting in

0.005M 13 and T ); and saturated ferrocene in propylene carbonate,
Both of these solutions also contained 0.1M tetrabutylammonium
tetrafluoroborate as an inert supporting electrolyte. The n-Galds and
n-Si wafers were held in a cylindrical teflon cell, in which a circular
area l3mm in diameter was exposed to the electrolyte solution and to
light through a quartz window. The thickness of the solution layer
above the semiconductor surface was 4mm. A back pressure contact was
made to the wafers with a layer of indium foil backed against a brass
disk. A platinum wire counterelectrode was ased. The semiconductors
were etched just before use in the following solutions: n-GaAs -

1:1 H2504/30% Hy0, and n-Si - concentrated HF.

The laser spot scanning system consisted of a 3mW HeNe laser,
two Genexal Scanning GlOOPD optical scanners, and a 50mm focal length
plano~convex focusing lens. The l/e2 diameter of the focused laser
spot on the photoelectrode surface was 1l u. White light images of an

arrow target pattern were projected on the photoelectrode using a

100W tungsten halogen lamp as an illumination source and a Canon 55mm

TS S ¥ Yas AN e chi

3
i
i
H
]




P LI LI R

INEOIIITEN mr = L S AR S T sz e

focal length, £1.4 camera lens. Two-dimensional laser spot scanned
images were viewed on an x-y mode storage oscilloscope,using the
photocurrent signal from the call to modulate the CRT beam intensity.
Photocurrent was monitored through an Amel 551 potentiostat.

The visualization of a localized concentration gradient image
by means of the color change between the two redox species was demon-
strated with an n-5i based photoelectrochemical cell with a ferrocene/
ferxicenium redox couple. The redox electrolyte solution initially
only contained ferrcocene, which has a yellow color and on oxidation
is converted to the ferricenium ion which has a dark blue coloxr. A
distinct blue image of the projected arrow target pattern was gencrated
even in the absence of an electrical connection to the Si electrode.
However, substantially higher imaging sensitivity was obtained when a
positive bias voltage of about 1.5V was applied to the Si electrode
with respect to the Pt counterelectrode. The observation of photo-
electrochemical image foxrmation in the absence of an external currxent
path can be explained by the presence of localized surface eddy
currents sei up between adjzcent illuminated and dark areas of the n-Si
surface. This phenomenon has been previously observed in this
laboratory during studies of photoelectrochemical metal film depo-
sition on p—si“. Direct photolysis of ferrocene was found to be insig-
nificant from absorption measurements of the solution in a 2mm cuvette
illuminated with the same arrow image. Imaging was also achieved with the
laser spot scanning method, where the cell photocurrent is monitored

as a function of the position of the focused laser spot. A resolution
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of about 300 u was obtained. Because of the large increase in
extinction cocfficient at 632.8 nm that occurs in the conversion of
ferrocene to ferricenium, the primary mechanism for the photocurrent 3

image formation is attenuation of the HeNe beam by localized high
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ferricenium concentrations. The image buildup time was less than

2 sec.; however, a period of about 1 minute was required for the image

to disperse. The near infrared sensitivity of the n-Si system was

demonstrated by detection of a circular spot of light from a light
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emitting diode (Xciton XC-88-~PC) which emits about 0.5mW in the
forward direction in a narrow band centered at 880 nm. . ;
The most successful imaging system investigated, in texrms of

resolution and response time, was the n-GaAs photoelectrochemical cell

with an I-/I; redox couple in acetonitrile. Figure 1 shows a laser

U it it Ll

scanned photocurrent image of a white light arrow pattern projected
on the GaAs cell. Part of the circular cell aperture and the Pt

counterelectrode can also be seen due to their masking of the beam.

The resolution obtained is about 180 p. A -0.16 V bias voltage was
applied to the GaAs electrode with respect to the Pt counterelectrode,
which maintained the average current during laser scanning at less than

1 pA. As the scanned HeNe beam traverses the 4mm path through the

electrolyte in the cell, only 7.5% is absorbed by the 0.005M I;/I_ in
solution. The amount of increased absorption due to the photoelectro-
chemical conversion of a small fraction of the I to I; by the projected
image should be regligible. It is therefore expected that the photo-

current image in Figure 1 is due to saturation of the charge transfer
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process and is not a result of absorption of the HeNe beam by the
photogenerated I;.

The one-dimensional laser scan in Figure 2 shows that the
decrease in photocurrent due to the projected image is about 31% by
comparison with the decrease in current where the mask blocks the
beam. This latter observation confirms that the image is not primarily
dve to optical absorption. Any photolysis of the I; that might occur
would lead to increased transmission of the HeNe beam, producing an
increase in photocurrent. The width at haif height of the image peak
in the oscilloscope trace shown in Figure 2 corresponds to a distance
of 240 y, which implies a resolution of about 200 yu when the actual
projected image width of 80 u is deconvoluted. The resolution will be
limited by diffusion processes in the solution and can probably be
improved by varying the redox couple concentration, the solution
viscosity, and the thickness of the solution layer over the semi-
conductor surface.

Figure 3 gives the photocurrent image response curve for the
n-GaAs cell. The curve was constructed by measuring the image peak
height from one~dimensional. scan traces, such as shown in figure 2, as
a function of the projected image intensity. The response curve
indicates a linear dynamic range of about 12:1. The lower intensity
end of the curve is limited by irreqularities in the n-GaAs crystal
surface, primariiy from the etching process, and by high frequency
electronic noise. The response begins to saturate at the high

intensity end of the curve. Better etching procedures and analog
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noise filtering should significantly extend the lower detection limit
of the curve and increase the useful dynamic range, provided the
response remains linear.
The rise and fall times for photocurrent imaging on n-GaAs

were determined by suddenly switching a stationary, focused HeNe

laser spot in and ocut of line with a second HeNe spot scanned in one
dimension. The stationary spot was only moved about 2Zmn away from the
scanned line so as to maintain a constant level of total illumination
on the crystal. Image rise and decay curves were produced with &
boxcar integrator gated at the point in time where the fixed spot
image occurs. These measurements were made at a scanning frequency of
20 Rz with a scan length of 5mm. The photocurrent image rise and fall
curves were very similar, both exhibiting a fast initial decay/rise
with an exponential time constant of approximately 75 msec and a
slower component with a 3.2 sec time constant. The amplitudes of the
fast and slow components were approximately equal for both the rise
and fall cuxves.

The superior time response and resoclution of the n-GaAs system

may be explained by the shorter diffusion length in the n-GaAs and

by the differences in the image formation mechanisms. In the n~-8i
system the photocurrent is sensitive to the absorption of the HeNe
beam, by ferricenium, over its entire path through the electrolyte
while for the GaAs system, the cell photocurrent only senses the
depletion of I~ in a thin layer of solution in contact with the

vhotoelectrode surface.
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Davices employing the real-time photoelectrochemical imaging

technique have potential applications in many areas where photodiode

and pyroelectric array detectors are currently employed. These new
photoelectrochemical devices have a significant advantage in their
simplicity and ease of fabrication. Studies employing the real-time

imaging technique described here should also be able to provide new
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insights into the dynamics and transport phenomena occurring in

photoelectrochemical cells.

This work was supported by the Office of Naval Research.
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FIGURE CAPTIONS

Oscilloscope trace displaying a laser raster-scanned photo-
current image of an arrow pattern projected cu an n-GaAs

photoelectrode. The vertical scan rate is 5 Hz.

Oscilicacope trace of photocurrent vs. laser spot position

for a one-dimensional scan across tail of arrow pattern
(negative peak in center) and a tape mask on the cell window
(broad negative peak on right). Horizontal scale is 0.8 mm/div.

and vertical scale is 1.5 pa/div. Scan rate is 5 Hz.

Photocurrent image response curve for n-GaAs cell.
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